One sentence summary: Sex may play a role in regulating the host cytokine response to West Nile virus infection in humans.
ABBREVIATIONS

WNV:
West Nile virus IL-15:
interleukin 15 IP-10:
interferon γ -induced protein 10 MCP-1: monocyte chemoattractant protein 1
BACKGROUND
First detected in the United States in 1999, West Nile virus (WNV) has become a major cause of encephalitis and meningitis, with annual outbreaks reported in nearly every state (Gubler 2007; Curren et al. 2018) . While less than 1% of infected individuals develop neuroinvasive disease, about 20% of infections present as West Nile fever, characterized by flu-like symptoms including fever, headache and myalgia (Debiasi and Tyler 2006) . Currently, there are no specific therapies or human vaccines available to treat and prevent WNV infection, and little is known about the host factors affecting the immune response to WNV (Debiasi and Tyler 2006) . One such biological variable that should be considered in immunological studies is sex. Many studies observe that the immune response varies between males and females following viral infection (Klein 2012) . During infection, females have been observed to mount stronger humoral and adaptive immune responses than males (Klein 2012) . Prior studies have identified a heightened antiviral response among females in response to hepatitis B virus, HIV and Coxsackie virus, but this may come at the cost of increased inflammation, as evidenced by both higher rates of autoimmune disease and increased fatality following influenza A virus infection (Klein 2012; Ghosh and Klein 2017) . However, reports on the sex-specific regulation of the human cytokine response to vector-transmitted viruses, such as flaviviruses and alphaviruses, are lacking.
In a previous study, we identified immune factors upregulated in response to WNV infection, including the intensity and timing of cytokines functioning in the inflammatory immune response (Hoffman et al. 2016) . Given the growing body of literature reporting sex differences in the immune response, we re-evaluated these data to investigate the extent to which sex differences impact immunity to WNV. In this meta-analysis, we evaluated the same cohort of 115 WNV-infected individuals (WNV-positive cases) and 31 WNV-uninfected individuals (WNVnegative controls) and stratified these populations on the basis of sex. Symptoms that developed in the two-week time frame following blood donation were recorded for all individuals via a standardized questionnaire. Measured plasma protein levels of a panel of cytokines and chemokines, as previously reported, were re-analyzed to consider the predictive value of these proteins with regard to symptom development in the context of sex.
METHODS
Identification and characterization of WNV-infected and uninfected blood donors
All blood donations collected by the American Red Cross between June 2008 and December 2011 (n = 24,224,786) were screened for WNV RNA reactivity as previously described (Hoffman et al. 2016) . WNV-reactive donors were contacted to obtain informed consent for enrollment/participation in follow-up studies in order to confirm WNV immunoglobulin M (IgM) seroconversion, deliver a questionnaire regarding symptoms and administer subsequent qualitative and quantitative WNV RNA testing (National Genetics Institute). As previously reported, subsequent WNV RNA and IgM seroconversion tests were used to identify 115 true-positive and 31 false-positive blood donors, referred to as 'WNV-positive cases' and 'WNV-negative controls', respectively. Prior to learning their true WNV infection status, all donors were administered a follow-up, standardized check-box questionnaire to determine symptoms that developed since the initial donation as previously described (Hoffman et al. 2016) . Information was collected for age, race, sex, date of blood sample collection and the presence or absence of 15 listed symptoms consistent with WNV infection and other selfreported symptoms during the two weeks following donation. The 15 listed symptoms were fever, chills, headache, painful eyes, severe muscle pain, swollen glands, new rash, seizures, tremors, new difficulty with thinking, generalized weakness, joint pain, bone pain, vomiting or diarrhea and abdominal pain. Plasma cytokines and chemokines were quantified in our previous study and re-analyzed in this meta-analysis (Hoffman et al. 2016 ).
Statistical analysis
Scatter plots and linear regression analyses were conducted to identify relationships between continuous and discrete variables using Prism GraphPad Software, version 7.0 (San Diego, California). The two-sided Mann-Whitney U test was used to calculate the statistical significance of single comparisons of the cytokine/chemokine levels, viral load and symptom number between sexes within each WNV infection group or between WNV-positive cases and WNV-negative controls within each sex. A Holm-Šídák test was performed on cytokine/chemokine level comparisons between WNV-negative controls, IgM-negative cases and IgM-positive cases within each sex to adjust the significance level for multiple comparisons.
RESULTS
A meta-analysis was performed on data collected from the plasma samples of 115 WNV-positive cases and 31 WNVnegative controls previously reported (Table 1) . We first compared the total number of self-reported symptoms between male and female donors and found that among the WNVpositive cases, females reported significantly more symptoms than males (P = 0.0002; Fig. 1A ). In fact, when comparing symptom reporting between controls and WNV-positive cases, females reported significantly more symptoms following WNV infection (P < 0.0001), but males did not (P = 0.7824). While there may be sex differences in symptom reporting during viral infection, males reported significantly more symptoms than females among WNV-negative controls (P = 0.0469). To determine whether the increased symptom reporting among females could be attributed to greater viral infection, we evaluated viremia among donors based on sex (Fig. 1B) . No difference in plasma viral load was observed between sexes among the WNV-positive blood donors (P = 0.1228), indicating that the increased number of symptoms experienced following WNV infection was not due to increased viral replication. Similarly, induction of the innate immune response as measured by interferon α (IFN-α) production revealed no sex differences among the WNV-negative controls ( P = 0.4516) or WNV-positive cases (P = 0.2530; Fig. 1C ). These results show that despite having similar viremia and innate immune induction following WNV infection, WNV-infected females experienced more symptoms compared to males.
Since viremia and IFN-α production did not explain the trends in the number of self-reported systems, we next analyzed interferon signatures to elucidate sex differences in symptom reporting among the cases and controls. WNV-positive cases were stratified temporally on the basis of IgM seropositivity, with IgM-negative cases (pre-IgM) having been infected more recently than IgM-positive cases (post-IgM). The levels of all previously measured cytokines and chemokines were compared by sex between WNV-positive IgM-negative cases, WNVpositive IgM-positive cases and WNV-negative controls (Table 2) as well as between sexes within the case and control groups (Table 3) . We previously reported that individuals who reported fewer symptoms following WNV infection had elevated cytokine levels in the post-IgM phase of WNV infection (Hoffman et al. 2016) . Fig. 2A-D shows that the levels of monocyte-associated chemokine CCL2 (monocyte chemoattractant protein 1 [MCP-1]), eosinophil chemoattractant CCL11 (eotaxin-1), T cell chemoattractant CXCL10 (interferon γ -induced protein 10 [IP-10]) and innate immunity factor IL-15 were significantly elevated among WNV-infected males in the post-IgM phase compared to WNVuninfected control males ( P = 0.0298, 0.0114, 0.0076, 0.0048, respectively); this difference was not observed among females (P = 0.9056, 0.8687, 0.2713, 0.7723, respectively). In addition, the WNV-infected male blood donors had higher levels of CCL2 (MCP-1), CCL11 (eotaxin-1), CXCL10 (IP-10) and IL-15 than the female blood donors in the post-IgM phase (P = 0.0278, 0.0014, 0.0021, 0.0099, respectively). In fact, CCL11 (eotaxin-1) levels were significantly elevated in males compared to females as early as the pre-IgM phase (P = 0.0176). Interestingly, CCL11 (eotaxin-1) levels were positively correlated with age among WNV-infected males, but not among females (P = 0.0047, 0.2974; Fig. S1 , Supporting Information). Altogether, these data show that males and females initially have a similar response to WNV infection, but as the infection progresses, sex differences manifest in the immune response that may impact the outcome of infection.
DISCUSSION
This meta-analysis is the first to identify sex differences in cytokine production following WNV infection. Among our cohort of 115 WNV-positive blood donors, we found that WNVinfected females reported more symptoms than WNV-infected males; this difference was not driven by greater initial viral replication or innate host responses since no differences were observed in plasma viremia and interferon α (IFN-α) production. However, immune response differences were observed between WNV-infected males and females as the infection progressed, with WNV-infected males exhibiting an altered cytokine response primarily in the post-IgM phase that was marked by changes in CCL2 (MCP-1), CCL11 (eotaxin-1), CXCL10 (IP-10) and IL-15, suggesting a potential cytokine signature associated with symptomatology. A large body of literature has emerged supporting the idea that the immune systems of males and females differ following infection, but very few studies have evaluated the early immune response to WNV with regards to sex. In a study by Zou et al., WNV-infected females were more likely to have symptomatic WNV infection despite having similar levels of plasma viremia compared to males (Zou et al. 2010) . Our analysis confirms these findings and identifies cytokine correlates associated with symptom development. Interestingly in the United States, WNV-infected males have a higher rate of hospitalization and a higher incidence of neuroinvasive disease than WNVinfected females (Gubler 2007; Curren et al. 2018) . Our findings, however, suggest that females are more susceptible to symptomatic WNV within our study population. This apparent discrepancy may be explained by the spectrum of infection outcomes captured by our cohort, which include individuals who were asymptomatic and subclinical, whereas neuroinvasive and/or hospitalized cases represent the most severe subset of all WNV infections.
We previously found that the elevation of CCL2 (MCP-1), CCL11 (eotaxin-1) and CXCL10 (IP-10) in the post-IgM seroconversion phase correlated with improved symptom outcomes following WNV infection among blood donors (Hoffman et al. 2016) . Upon sex stratification, we observed the same cytokine trends among males but not females. Interestingly, we found that IL-15, which was not originally associated with outcome of WNV infection in our previous study, also displayed a similar pattern upon sex stratification. Functionally, CCL2 (MCP-1) mobilizes monocytes from the bone marrow and recruits monocytes/macrophages to inflamed tissues through interactions with CCR2; this mobilization and recruitment is impaired during WNV infection in Ccr2-and Ccl2-deficient mice (Lim et al. 2011; Bardina et al. 2015) . CCL11 (eotaxin-1) and CXCL10 (IP-10) influence the granulocyte and T cell response through interactions with CCR3 and CXCR3, respectively, the latter of which has been shown to be protective against WNV in mice (Glass et al. 2005; Klein et al. 2005; Zhang et al. 2008) . IL-15 also influences T cell proliferation in response to viral infections through the IL-15 receptor complex and has been previously been shown to function as a chemoattractant that can draw T cells directly to inflamed tissue (Badolato et al. 1997; Wilkinson and Liew 1995; Jonuleit et al. 1997) . Our results implicate these monocyte and T cell-associated chemokines as key molecular regulators of WNV pathogenesis in humans. CCL11 (eotaxin-1) has also been shown to be elevated in human neurodegenerative disease and the plasma of aging humans and mice (Huber et al. 2018) . Our study is the first to implicate CCL11 (eotaxin-1) as potentially protective during WNV infection. While elevated CCL11 may play a role in severe cases of age-related neurodegenerative disease, its induction may mediate better symptom outcomes among our cohort's male donors experiencing mild WNV infection.
Immune differences between males and females have been partly attributed to the sex hormones estrogen and androgen, which have been shown to influence the immune response to viral infection (Kovats 2015) . Future immunological studies on cytokine production during WNV and other viral infections should evaluate levels of these hormones to analyze inflammation in the context of sex. Additionally, IFN-α production as part of the antiviral, type I IFN response has been shown to differ between males and females in vitro (Ziegler et al. 2017 ). While we did not observe this in our study, sex differences in IFN-α production may be found at more specific time points of infection or manifest in more severe cases of WNV infection, such as hospitalizations and neuroinvasive WNV disease.
One limitation of this study is sample size, which prevented us from further stratifying the cases into potentially more informative subsets, such as the degree of symptom reporting. A larger cohort would have provided increased statistical power that could have allowed for additional correlations to emerge, especially between cytokine production and the degree of symptomatology. Since we conducted an analysis retrospectively of a non-concurrent prospective cohort, we did not have data on sexspecific markers nor evaluate the mechanisms of sex differences in WNV disease. In future studies, plasma protein panels could be expanded to include estrogens, androgens and other factors implicated in the sex-regulated type I IFN response. Taken together, our data suggest that sex-dependent differences in the host response to WNV may be a biological factor that contributes to outcome of WNV infection. Our data highlight a pattern of cytokine production associated with these differences.
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